A theoretical and numerical modeling study is made of a novel heating configuration recently implemented in the Large Plasma Device at the University of California, Los Angeles. The injection of an electron beam from a masked LaB 6 cathode into a magnetized plasma results in a hollow, cylindrical filament of elevated temperature. The hot cylindrical ring has an axial extent that is about one-thousand times larger than its thickness, and the peak temperature can be ten times larger than that of the surrounding plasma. The simultaneous positive and negative radial pressure gradients provide an ideal platform for the investigation of transport phenomena of contemporary interest, including avalanches [Van Compernolle et al., Phys. Rev. E 91, 031102 (2015)] and nonlocal transport. The present study delineates both the parameter regimes achievable by classical transport and the linear stability of the self-consistent profiles, including temperature and density gradients. An avalanche model is developed based on the self-consistent evolution of drift-wave eigenfunctions in nonlinearly modified profiles of electron temperature and plasma density. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Over the past fifteen years, a series of basic electron heat transport experiments [1] [2] [3] [4] [5] [6] [7] have been performed in the Large Plasma Device (LAPD) 8 operated by the Basic Plasma Science Facility (BaPSF) at the University of California, Los Angeles (UCLA). From detailed comparisons of the observations with theoretical and numerical modeling studies, [9] [10] [11] [12] new insights were obtained that led to the identification that density fluctuations in tokamaks are chaotic. 13 The workhorse for those earlier experiments was a small (3 mm diameter), single-crystal LaB 6 emitter that injected a low-voltage electron beam into a strongly magnetized (1 kG), cold, afterglow-plasma. The low-voltage beam acted as an ideal heat source that produced a long (8 m) , narrow (5 mm in radius) temperature filament, well-separated from the walls of the machine. Recent technological developments 14 have led to the construction of a reliable and flexible LaB 6 cathode that allows the exploration of new transport phenomena beyond that accessible in the earlier, small filament configuration. A novel arrangement that can be realized with these new sources consists of a hollow-ring cathode, as sketched in Fig. 1 . Electrons emitted from the heated LaB 6 ring are injected into a cold background plasma, as in the small filament case, and result in the formation of a pressure filament, approximately 10 m long, whose shape across the confinement magnetic field is a hollow ring. Several new features are realized in this new configuration. One is that the transverse extent of the pressure profile is larger, 1 cm, and allows for a clearer separation of three spatial regions: the pressure peak, the steep gradient, and the outer profile. This permits the identification of radial rearrangements in the pressure profile due to instability-driven transport. Another feature is that the pressure structure has an inner gradient and an outer gradient, both of which can lead to transport phenomena, in unison, or independently. Due to the larger mechanical structure that supports the LaB 6 , and the associated voltage application method, this configuration results in a zero-order plasma in which simultaneous temperature and density gradients are present. This is to be contrasted to the small filament studies, in which a pure electron temperature gradient was realized. In both cases, the accelerating voltage applied is smaller than the ionization potential of the background gas; thus the density modifications arise from transport processes and not from plasma production.
A recent experimental study 15 of the hollow-ring, pressure filament has documented the development of avalanche phenomena [16] [17] [18] [19] [20] associated with instabilities driven by the pressure gradient. It is the goal of the present theoretical and modeling study to delineate the classical transport properties of such an experimental configuration, to evaluate FIG. 1. Schematic of experimental geometry. A ring-shaped LaB 6 source injects an electron beam into a large, magnetized, cold, afterglow-plasma. Within 1 m, the beam electrons slow down by Coulomb collisions and create an effective heat source. Due to large, field-aligned heat conduction, a hollow-ring structure of elevated electron temperature, 10 m in axial extent, is created. Instabilities driven by large cross-field pressure gradients at r ¼ 2 cm and r ¼ 3 cm result in avalanche phenomena.
the associated linear instability of the self-consistent profiles, and to explore how convective transport, driven by the unstable modes in the evolving self-consistent profiles, can result in the observed avalanches.
The manuscript is organized as follows: Section II explains the model used to describe classical transport due to Coulomb collisions in the experimental arrangement of Ref. 15 and presents the associated spatio-temporal changes in electron temperature, plasma density, and plasma flow. Section III reports the properties of the linear instabilities driven by the pure electron gradients, pure density gradients, and combined pressure gradients. A model of avalanche phenomena resulting from the unstable, gradient-driven modes is explored in Sec. IV. Conclusions are presented in Sec. V.
II. CLASSICAL TRANSPORT
The methodology used to describe classical transport in the hollow-ring system follows the successful approach developed earlier 3, 6, 7, 10 for the small-filament experiments. But suitable changes are made to model the different boundary conditions associated with the LaB 6 ring source, notably the plasma collection property of the cathode structure and the related axial-flow velocity.
A key element of the model is the concept that for the small accelerating voltage applied (12 V) and the relatively high densities ($10 12 cm À3 ) of the cold, afterglow plasma (T e $ 0:1 eV), the slowing-down distance of the injected electrons is about 1 m, a feature that is corroborated by measurements of the electron distribution function. No tail electrons are observed beyond this distance and the distribution is Maxwellian. The effect of the injected electrons on the background plasma is to generate an effective heat source that extends over a distance of 1 m. This is the heat source that enters into the electron heat transport equation.
A. Formulation
The Braginskii transport equations 21 for a singly ionized plasma include equations of continuity (1), motion (2) , and heat balance (3)
where the convective derivative is given by
Here, the assumptions are: quasi-neutrality (n e % n i ); static, uniform, and cold ion temperature; and negligible viscosity and drag. For a magnetized plasma, the thermal conductivities j ? and j k , transverse and parallel to the confining magnetic field are given, respectively, by 
Te ;
where n n is the neutral density and E 1 is the ionization energy. The term on the right-hand side of Eq. (2) is the frictional drag force between ion and neutrals. The coefficient is given by
where r in ¼ 5 Â 10 À15 cm À2 is the ion-neutral cross section. The term Q ie is the rate of heat exchanged between ions and electrons due to collisions
and Q b is the input heat from the beam source which is modeled to be spatially uniform in the heating region. The electron collision time s e is as given by Braginskii
where k % 12 is the Coulomb logarithm.
B. Numerical scheme
The numerical solution of Eqs. (1)- (3) follows from the discretization of density, flow, and temperature onto a finite, cylindrical grid with assumed azimuthal symmetry. In this section, flows perpendicular to the magnetic field are neglected, so only density, parallel flow, and temperature are considered. For each step in time, the present state is propagated forward according to the finite versions of Eqs. (1)-(3) .
The parallel convective derivative in Eqs. (1) and (3) is handled using an upwind differencing scheme, and the nonlinear convective term in Eq. (2) is handled using a Lax-Wendroff scheme. The other terms in (1) and (2) are solved using implicit schemes.
The nonlinear diffusion term on the right-hand side of (3) The boundary conditions are chosen such that, in the absence of heating, the evolution matches that of an afterglowplasma in experiments in the LAPD. While Dirichlet boundary conditions are imposed at the radial boundaries, Neumann boundary conditions fix the electron temperature and axial flow velocity at the two axial boundaries and establish a constant loss of density at a rate determined by the sound speed. The LaB 6 heat source is modeled as a subsection of the axial boundary where the axial-flow velocity is zero; this acts like a plug that prevents the loss of density.
C. Results
In the numerical results to be presented, the experimental parameters used correspond to the conditions of Ref. 15 and are summarized in Table I . The initial temperature of the background, afterglow He þ plasma is T e ð0Þ ¼ 1:0 eV, the corresponding peak plasma density is nð0Þ ¼ 4 Â 10 11 cm À3 , and the confinement magnetic field is B 0 ¼ 1 kG. Figs. 2(b) , 2(e), and 2(h)), and t ¼ 2.0 ms (bottom panels 2(c), 2(f), and 2(i)). Note that the positive radial coordinate is measured from the geometrical center of the hollow-ring source, thus only one element of the ring structure is shown. Also the radial distance displayed corresponds to 6 cm while the axial distance is 15 m, as it is appropriate for the highly collimated pressure filament formed by the large axial heat transport along the confinement magnetic field. Within 5 m of the injection region, the electron temperature reaches an effective steady-state in less than 1 ms. This results in an axial pressure gradient that drives an axial flow near the interface with the cold afterglow plasma. The nose of the heated filament acts as a piston that produces a collimated density pulse reminiscent of the ion-acoustic waveguide investigated by Guio and Pecseli. Fig. 3(a) ) shows the time evolution for a range of axial positions (2-10 m) at a fixed radial position r ¼ 2.5 cm, corresponding to the peak of the heated ring. The initial decay seen for t < 0.5 ms is associated with the cooling of the afterglow plasma following the shut-off of the main discharge. For axial positions less than 8 m from the source, the temperature reaches a near steady-state in about 0.7 ms The slower temperature increase seen for t > 1 ms is a result of the slow decay in plasma density during the afterglow phase. Since the heating power remains constant, the effective power input per-particle increases, thus allowing for a higher temperature to be achieved (i.e., the heat capacity of the ring region is lower). Figure 3 (b) exhibits the axial structure of the heated filament for three different times (t ¼ 0.2, 1.0, and 2.0 ms), again at the radial position r ¼ 2:5 cm. The sequence exhibits the characteristic nose retreat 3 associated with the interplay between the fast initial axial expansion due to the large parallel heat conduction and the tempering arising from the slower cross-field heat transport. The steady-state (t ¼ 2.0 ms) shape of the temperature ring is shown in Fig. 3 (c) for several axial positions. Close to the heat source, the profile is nearly flat but at large distances there is substantial peaking, as expected from the bullet-like shape shown in Fig. 2(c) .
The self-consistent evolution of the plasma density corresponding to the temperature changes shown in Fig. 3 is presented in Fig. 4 . The top panel (Fig. 4(a) ) shows the time dependence of the density at three well-separated axial positions, z ¼ 2, 8, and 10 m, at the peak of the ring, r ¼ 2.5 cm. At z ¼ 2 m, the density decreases due to plasma outflow towards the LaB 6 source while at z ¼ 10 m the density increases due to the axial pressure gradient associated with the temperature profile shown in Fig. 3(b) . Figure 4 (b) illustrates the steepening of a density pulse moving during the interval t ¼ 0.8-2.0 ms into the cold, background plasma for z > 10 m, and the simultaneous density decrease at the opposite end (z < 4 m). The radial density profile for t ¼ 2.0 ms is shown in Fig. 4(c) . A more complex structure than that shown in Fig. 3(b) is formed. It is the result of the combined effect of the pressure gradient due to heating and the zeroorder, axial flow pattern associated with the LaB 6 structure. At z ¼ 2 m, the sharp density decrease just outside the heated channel is due to outward flow towards the structure while inside the heated channel the surface of the LaB 6 acts as a plug. But for z ¼ 10 m, the behavior is the opposite. There the heated plasma channel drives a density pulse away from the temperature nose, as shown in Fig. 2(f) , and causes a density decrease within the ring. But just outside the ring, there is outflow towards the other end of the chamber (the right end in Fig. 1 ), thus a density increase takes place. 
III. LINEAR STABILITY
The stability of the steady-state profiles presented in Sec. II is examined following the general methodology developed in Ref. 9 . However, since the unstable modes will be used later in an avalanche model in which their eigenmode structure is determined in evolving temperature, density, and pressure profiles, here the simplest description is used, namely, the modes are taken to be electrostatic, and the electron response is treated in the collisionless approximation.
A. Formulation
Since the frequency of the unstable modes is much smaller than the ion cyclotron frequency and the ions are relatively cold (i.e., the transverse scale is larger than the ion gyroradius), a drift-kinetic description is appropriate. In the collisionless regime for species a, the linearized drift-kinetic equation takes the form
where m a and q a are the respective mass and charge of a particle of species a.
The transverse guiding-center velocity v 1? is given by
The zeroth-order distribution function f 0a is taken to be an azimuthally symmetric Maxwellian with radially varying density and temperature ( v a ðrÞ ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
Fourier analyzing and solving the linearized drift-kinetic equation in cylindrical coordinates yields expressions for the oscillating perturbed distribution functions. Integration over parallel velocities then results in expressions for the oscillating perturbed densities. These are inserted into the Poisson's equation, and the result is a differential eigenvalue equation describing the radial behavior of the electric potential associated with the unstable drift-waves
where the full electric potential / is given by the real part of the sum over azimuthal modes
The function wðr; xÞ characterizes the kinetic plasma response and is given by 
Here, x pa ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi 4pe 2 n 0 =m a p , and, X a ¼ q a B 0 =ðm a cÞ, are the plasma frequency and cyclotron frequency, respectively, associated with species a. Furthermore, the parallel wave number is given by k jj ¼ p=L, and the perpendicular wave number by k ? ¼ l=r. In arriving at Eq. (17), the cold ion limit is taken, as it is appropriate for the experimental conditions considered. L is the effective length of the filament (10 m).
B. Numerical shooting method
In the asymptotic limits, (i.e., r ! 0 and r ! 1), the temperature and density gradients responsible for the radial dependence of wðr; xÞ vanish, and thus, Eq. (14) reduces to the Bessel's differential equation. By requiring that solutions be finite at the origin and evanescent far from the origin, the asymptotic forms of/ l can be identified, up to constants A l , as Bessel and Hankel functions
For each l number, initial guesses for x l and A l are made and the two asymptotic solutions, (18) and (19) , are numerically integrated to an intermediate midpoint using a fourthorder, Runga-Kutta numerical scheme applied to Eq. (14) . The requirement that/ and its derivative are continuous at the midpoint imposes two conditions on the initial guessed values of x l and A l . The guessed values are then iterated according to a two-dimensional Newton's method until the solutions from both ends match. To obtain the results that are next presented, the temperature profiles calculated from the transport code in Sec. II are used to evaluate the plasma dispersion function that enters into the shooting method. The plasma density profile is chosen to meet the appropriate situation considered. correspond to the growth rate. The independent variable in all panels is the azimuthal mode number l. The results presented include instabilities driven by a pure electron temperature gradient, a pure density gradient, and a pressure gradient formed by simultaneous gradients in temperature and density. It is seen that the fastest growing modes in the outer gradient correspond to l ¼ 6 while in the inner gradient to l ¼ 4. But the magnitude of the peak growth rates is essentially the same for both gradients. A noteworthy feature is that the frequency of the modes is insensitive to the value of l. This is a general property that had a significant role in the nonlinear mode cascade identified in Fig. 11 of Ref. 4 for the small-filament study. The pure temperature-driven modes, however, have smaller (by a factor of 2) absolute frequencies and growth rates than those driven by a pure density gradient. It should be mentioned that for the pure temperature gradient case, the plasma density is taken to be uniform with value n ¼ 1:0 Â 10 12 cm
À3
, while for the pure density gradient the temperature is spatially uniform with T e ¼ 0.6 eV. For the pressure gradient study, the individual temperature and density profiles used in the previous two cases are used to generate the pressure profile shown in Fig. 6 . Figure 6 illustrates the radial shape of two unstable eigenmodes characteristic of the eigenvalues displayed in Fig. 5 . The inner and outer-gradient eigenmodes are superposed on the pressure profile used in the calculation. It is seen that both eigenmodes spread outside the pressure profile thus allowing for the possibility of significant nonlocal transport from the interior to the cold background plasma. But there is relatively small overlap of the two eigenmodes in the individual maximum-gradient regions, thus the inner and outer gradients are expected to relax through the corresponding eigenmodes.
IV. AVALANCHE PHENOMENA
To assess the evolution of the temperature and density profiles in the presence of the drift-wave instability, a plane perpendicular to the confining magnetic field is considered. Here, the terms in the classical transport equations with axial dependence are approximated by FIG. 5 . Eigenfrequencies (top panels) and growth rates (bottom panels) of drift-wave eigenmodes excited by temperature, density, and pressure profiles for the inner and outer gradient regions of the hollow-ring structure. Note that the direction of the diamagnetic drift is opposite for the inner and outer regions. The pure temperature gradient has the smallest growth rate, while the combined total pressure gradient has larger growth rate. The eigenfrequencies, however, are not very different. The inner and outer regions have similar values and dependencies. 
where L is the characteristic axial scale-length, and brackets h i denote axial averages. The perpendicular velocity v ? is now dominated by the E Â B velocity due to the unstable modes
where the instantaneous electric potential / is calculated by an approximate time evolution in the drift-kinetic description. This aspect of the calculation follows the model used by Shi et al. 10 to study the convective relaxation of the earlier, temperature-filament experiments due to specified modes of constant amplitude. But here the concept is expanded to allow the unstable modes to evolve (in space and time) selfconsistently with the profile modifications.
Following Eq. (15), the instantaneous electric potential can be split into two parts: a slow-varying normalized radial function and a complex exponential factor with a fastvarying amplitude and phase /ðr; h; tÞ ¼ < X l/ l ðr; tÞ exp ilh À i
For each time step, the eigenvalues and eigenfunctions of Eq. (14) are calculated using the instantaneous, azimuthally averaged temperature and density profiles. The radial function in Eq. (22) is then the new normalized eigenfunction, and the exponential factor in Eq. (22) is determined by an integration over past eigenvalues.
A. Results Figure 7 shows the global evolution of a single avalanche event triggered by pure density gradients. The event is modeled by including three azimuthal modes (l ¼ 5, 6, and 7) driven by the outer gradient. The temporal evolution of the growth rate of the individual modes is shown in the top panel ( Fig. 7(a) ). The self-consistently calculated radial density profiles, at the times indicated by the arrows in Fig. 7(a) , are shown in Fig. 7(b) (bottom panel) . The sequence covers the initial linear stage, the collapse stage, and the recovery phase. The collapse is characterized by a rapid density rearrangement that moves density from the peak region of the ring structure into the outer background plasma. Figure 8 exhibits the temporal behavior of multiple avalanches driven by pure temperature gradients. The top panel ( Fig. 8(a) ) shows the time evolution of the growth rate of three modes (l ¼ 5, 6, and 7) excited by the outer gradient. The center panel (Fig. 8(b) ) displays the time dependence of the electron temperature at three different radial positions corresponding to the core (r ¼ 2.8 cm), maximum gradient (r ¼ 3.1 cm), and well-outside the temperature profile (r ¼ 3.4 cm). It is seen that heat from the core region is transported to the cold plasma outside of the heated ring (see Fig.  3(c) for reference) during individual avalanches. The bottom panel (Fig. 8(c)) shows the time evolution of the fluctuating electrostatic potential at r ¼ 3.1 cm. It consists of multiple flares of growing oscillations associated with the unstable drift-wave eigenmodes. Each flare undergoes an abrupt collapse due to the modification of the temperature profile by the E Â B flows. It should be noted that since the heating source is continuously active, the time interval between individual temperature avalanches is relatively short ($0.2 ms) because the large axial heat conduction allows the rapid recovery of the temperature ring to its initial value, as documented earlier in Fig. 2 . This behavior is to be contrasted to the much slower repetition of density avalanches in which no particle sources are present. In such a situation, the density recovery is determined by axial pressure equalization regulated by the sound speed. Figure 9 displays the power spectrum (in log-log format) corresponding to the sequence of pulses shown in Fig. 8 . It exhibits a peak at 30 kHz due to the unstable drift-wave and a powerlaw decay with two slopes. The slope at the higher frequencies is likely influenced by numerical noise. The behavior at the low frequencies below the main peak differs from the trend shown in Fig. 3(a) of Ref. 15 . The reason is that in the experiment this region of the spectrum is dominated by the slow time-scales associated with the recovery in plasma density. These slow scales are not present in the rapid recovery of a pure temperature filament. Radial density profiles self-consistently determined with the eigenmode evolution corresponding to the growth rates in panel (a). The unstable eigenmodes cause a rapid radial rearrangement of the initial profile. After the instability is quenched, the density profile experiences a slow recovery whose time-scale is determined by axial plasma flow at the speed of sound. Figure 10 displays the evolution of the density (left panel, Fig. 10(a) ) and temperature (right panel, Fig. 10(b) ) profiles calculated for a situation closely resembling the conditions of the LAPD experiment reported in Ref. 15 . In this case, a pressure profile is formed by heating an afterglow, cold plasma whose zero-order density varies across the confinement magnetic field. The zero-order pressure profile corresponds to that shown in Fig. 6 and used earlier to describe the features of the linear instability. The profiles shown are sampled sequentially at various time intervals to illustrate the behavior of a simultaneous avalanche in density and temperature, in this case resulting from the cross-field convection driven by four unstable modes (l ¼ 4, 5, 6, and 7) on the outer gradient. It is seen that both the density and temperature are transported well-outside of the initial high-pressure region because both quantities are transported by the same E Â B velocity pattern.
The color contours in Fig. 11 illustrate the twodimensional pattern of the avalanche events leading to the azimuthally-averaged profiles shown in Fig. 9 . The top panels (Figs. 11(a)-11(d) ) correspond to the plasma density and the bottom panels (Figs. 11(e)-11(h)) to the electron temperature. The left-most column (Figs. 11(a) and 11(e)), at t ¼ 75 ls, is representative of the early, linear stage of the drift-wave instability. The column next to it (Figs. 11(b) and 11(f)), at 125 ls, shows the profile collapse and transport of both temperature and density into the outer, cold plasma region surrounding the pressure ring. During this avalanche, starting from pristine, azimuthally symmetric density and temperature profiles, the patterns in Figs. 11(b) and 11(f) are nearly identical. The reason is that the E Â B convective transport due to the unstable eigenmodes does not discriminate between density and temperature. But the columns on the right-half of Fig. 11, (Figs. 11(c) and 11(g) ) at t ¼ 225 ls, and (Figs. 11(d) and 11(h) ) at 700 ls, show that the recovery of the density and temperature profiles are radically different after the avalanche occurs. One reason is that the heat source is always active, but there is no direct particle source. As a consequence, the density has to be moved, to and from, distant regions at a slower rate determined by the sound speed in order for the density profile to return to its original shape. In contrast, the temperature can recover very rapidly because there is a heat source and the parallel heat conductivity is large. But there is a subtlety in the behavior of the temperature recovery that leads to the development of a memory effect. Since the heat input remains constant, the effective heating rate per-particle is larger in regions of lower density and smaller where the density is higher. The result is that the temperature profile develops an azimuthal filamentation during the recovery phase. This implies that sequential avalanches involving simultaneous density and pressure gradients are not identical. Figure 12 is the equivalent of Fig. 10 for an avalanche caused by drift-waves that are driven unstable by the inner gradient. Again, the changes in the density and temperature profiles are very similar. It is also evident that the innergradient instability does not cause any visible effects on the outer gradient of the pressure ring. Figure 13 is also the equivalent of Fig. 11 for the inner gradient. Again, as shown The lack of activity at the low frequencies is due to the rapid recovery of a pure temperature filament. in panels Figs. 13(d) and 13(h), the density retains a longterm structure, and the electron temperature develops azimuthal filamentation during the recovery phase.
It should be noted that in the avalanche model considered there are several elements of non-locality. One is due to the radial extent of the drift-wave eigenfunctions, another is that these eigenfunctions change shape as the profiles in temperature and density are nonlinearly modified by the E Â B flows. There is yet another feature that contributes to nonlocality and to the appearance of intermittency, namely, the transport along the confinement magnetic field. For the case of pure temperature avalanches, this aspect is well-captured in the model because the physics of parallel heat transport is set by Coulomb collisions. But for density avalanches, the model is not rigorous in describing intermittency because of the unknown sources and sinks for plasma density present in the experiment.
V. CONCLUSIONS
This theoretical and numerical modeling study has identified key features of a novel experimental arrangement that has the potential to shed new insight into phenomena related to nonlocal transport of heat and mass in magnetized plasmas. The geometry essentially consists of a hollow pressure filament embedded in a cold, magnetized plasma. Color contours of self-consistent, spatio-temporal evolution (x, y, t) of density (top panels) and electron temperature (bottom panels) associated with the convective transport introduced by eigenmodes excited on the outer gradient with azimuthal mode numbers, l ¼ 5, 6, and 7. t ¼ 0 corresponds to steadystate before the introduction of the modes while t ¼ 125 ls corresponds to peak amplitude of the drift-wave instability.
A Braginskii transport code that incorporates boundary conditions that mimic the relevant experimental arrangement in the LAPD device has been developed. Parameter surveys made with the code show that for relatively modest accelerating voltages (10 V), the electrons injected from a masked LaB 6 cathode create, within 0.7 ms, a hollow-ring structure of elevated electron temperature whose axial extent is approximately 10 m long (Fig. 3) . The temperature within the ring can be a factor of ten larger than that of the surrounding plasma. This implies that an ideal configuration can be realized in which the pressure structure can be approximated, for the LAPD plasma conditions, as being embedded in an infinite, cold, magnetized plasma. The experimental observations during the early stage before fluctuations develop are entirely consistent with the predictions based on heat transport due to Coulomb collisions. An interesting new feature that has not yet been experimentally investigated has been identified (Figs. 2(b) and 2(c)); it arises during the classical transport stage, about 2 ms after the heating source is activated. The phenomenon consists of a density pulse that propagates axially into a cold plasma region where the sound speed can be slower than a factor of 3, and accordingly undergoes steepening. This result suggests that dedicated experiments and more elaborate numerical techniques should take advantage of this environment to explore features related to shock formation and guided propagation of acoustic modes.
An eigenmode-based, linear stability analysis has been performed of the hollow-ring structure for steady-state Color contours of self-consistent, spatio-temporal evolution (x, y, t) of density (top panels) and electron temperature (bottom panels) associated with the convective transport introduced by eigenmodes excited on the inner gradient with azimuthal mode numbers l ¼ 3, 4, and 5. t ¼ 0 corresponds to steadystate before the introduction of the modes while t ¼ 125 ls corresponds to peak amplitude of the drift-wave instability.
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M. J. Poulos and G. J. Morales Phys. Plasmas 23, 092302 (2016) conditions, as it is appropriate after 2 ms since the heating source is activated. The individual cases of pure temperature gradients, pure density gradients, and pressure gradients, in which both density and pressure gradients are present, have been explored. It is found that both the inner and outer gradients drive unstable modes with well-separated eigenfunctions that travel in opposite azimuthal directions. The individual eigenfunctions are relatively broad and thus can generate convection patterns that rapidly transport heat and mass from the core of the pressure ring to the surrounding cold plasma. The mode with maximum growth rate is l ¼ 6 for the outer gradient and has a frequency close to 30 kHz. In the experiment of Ref. 15 , a clear spectral line is observed at 30 kHz in the data shown in their Fig. 4 . However, there is a major discrepancy between the theoretical prediction and the experimental observations of the behavior for the inner gradient. The analysis predicts that the maximum growth rate, achieved for l ¼ 4, is comparable to that of the outer gradient. The frequencies are also close to each other. Thus, there is a process present in the inner gradient region of the experiment that is not contained in the theoretical model. It is likely that a sheared-flow pattern is formed, due to boundary conditions, on the inner portion of the ring structure, and that causes the suppression of the instability. It is suggestive that a detailed theoretical analysis of the effect of sheared flows on the drift-wave eigenmodes is worth pursuing. On the experimental side, a dedicated investigation and, mapping, of the flow patterns should be undertaken. Also, a method for external control of sheared flows would be a most valuable complement to the variety of transport studies possible in this configuration. A model of avalanche events has been explored. It is based on the concept that E Â B convection associated with the unstable drift-modes causes a rearrangement of the azimuthally-averaged density and temperature profiles that support the modes. The self-consistent calculation consists of solving an eigenvalue problem, via the shooting method, in the evolving profiles that are updated according to the Braginskii code, with the heating source included, and the plasma flow velocity determined from the electric field structures associated with the eigenfunctions. This is a non-trivial task because the convergence of the shooting method can be challenged by the finer scales that are generated in the evolving profiles, and also since the profiles stretch outward, the asymptotic regions are not well-separated. The methodology works well for tracking a single avalanche event for pure temperature gradients, pure density gradients, and combinations of both, as it is appropriate for the experimentally observed avalanches. The profile modifications during single avalanche events obtained from the model (Fig. 9) are consistent with those observed in the experiment (Fig. 3(b) in Ref. 15 ). The calculation of multiple avalanches works well (Fig. 8) for the pure temperature gradient case. The reason is that the temperature recovery after an avalanche event is well defined, because there is a fixed heat source, and also it occurs rapidly due to the large parallel heat conduction. The corresponding situation for the case where an avalanche rearranges the density profile is far more complex. Since there are no density sources, the density profile recovery arises from distant axial regions that have excess density and are equalized at a slow rate determined by the sound speed. Implementing an accurate model for the density recovery poses a challenge for a future study. But insight may be gained from an experimental survey that maps the axial variation of the density, and the flows between avalanche events. It would also be valuable to determine what are the differences between sequential avalanches, and to what degree there is a signature of temperature filamentation in the azimuthal direction.
